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Introduction {#jrs4751-sec-0001}
============

Raman spectroscopy provides information about the molecular vibrations of the investigated sample. Since the discovery of the Raman Effect (1928) in scattered light from liquids, Raman spectroscopy has been successfully applied to the analysis of a wide range of materials and systems across the life, earth and planetary, material and chemical sciences, and across our cultural heritage.[2](#jrs4751-bib-0002){ref-type="ref"}, [3](#jrs4751-bib-0003){ref-type="ref"}, [4](#jrs4751-bib-0004){ref-type="ref"}, [5](#jrs4751-bib-0005){ref-type="ref"}, [6](#jrs4751-bib-0006){ref-type="ref"}, [7](#jrs4751-bib-0007){ref-type="ref"}, [8](#jrs4751-bib-0008){ref-type="ref"}, [9](#jrs4751-bib-0009){ref-type="ref"}, [10](#jrs4751-bib-0010){ref-type="ref"}

This spectroscopic technique offers several advantages over other spectroscopic and analytical methods as infrared spectroscopy, X‐ray fluorescence, and electron and ion microprobe. Little or no sample preparation is required, and the technique has a non‐destructive character. Furthermore, in Raman spectroscopy, the minimum analyzed sample volume is comparable with the activated volume probed by most other spectroscopic and analytic methods.

The acquired Raman spectra can be used to quickly and precisely determine the presence of different compounds (organic and inorganic materials, glasses, minerals, volatiles, liquids, and fluids) with a high resolution, down to 1 µm^2^. Thanks to its high spectral and spatial resolution, Raman spectroscopy is widely used for generating detailed chemical maps of heterogeneous samples (if a small pinhole is used).

Additionally, as the excitation source in a Raman apparatus lies in the visible range of light (laser), Raman spectroscopy has been widely used to study buried or included samples in opaque or transparent samples. The laser can penetrate the surface and is scattered into deeper regions, permitting the study of multilayer samples. Detailed chemical and physical characterization of a heterogeneous and multilayer sample is of prime importance as the physical and chemical properties of a heterogeneous sample depend on the spatial distribution of their chemical components, which are easily detected, and located, using Raman spectroscopy.

Recently, Raman apparatus have been used to perform *in situ* analysis for the investigation of archeological glasses and to perform remotely operated analysis at extreme conditions (i.e. submarine and extraterrestrial).[11](#jrs4751-bib-0011){ref-type="ref"}, [12](#jrs4751-bib-0012){ref-type="ref"}, [13](#jrs4751-bib-0013){ref-type="ref"}, [14](#jrs4751-bib-0014){ref-type="ref"}, [15](#jrs4751-bib-0015){ref-type="ref"}, [16](#jrs4751-bib-0016){ref-type="ref"} For example, Pasteris *et al.* [17](#jrs4751-bib-0017){ref-type="ref"} presented the first deep ocean Raman *in situ* spectrometer (DORISS) employed for studying the mineralogy of the sea floor and the chemistry of pore water, gas seeps, and sea floor vents. Additionally, the European Space Agency has established the ExoMars program (2016--2018) to investigate the Martian environment. The ExoMars rover, which is currently in its design phase, will be equipped with a Raman spectrometer to identify any potential organic compounds, and by the analysis of Martian rocks, to provide information about igneous, metamorphous, and sedimentary processes on the planet. Raman spectroscopy represents a fundamental tool in planetary science, as it can be utilized to (1) identify the presence, and recognize the morphology, of organic and inorganic material; (2) distinguish different compounds within those materials; (3) determine the oxidation state of planetary elements; and (4) to study volatiles and gaseous inclusions within minerals and glasses (see Tarcea *et al.* [5](#jrs4751-bib-0005){ref-type="ref"} for detailed applications). Moreover, in comparison with other spectroscopic techniques, Raman spectroscopy appears to be the most suitable technique for sample identification and characterization from orbital remote sensing and surface‐remote exploration. This aspect has clearly a great fundamental and practical importance for the identification, and characterization, of heterogeneous samples (i.e. soils and rocks) in remote conditions.

In petrology and volcanology, Raman spectroscopy has typically been used to rapidly investigate and identify mineral phases at very high sensitivity.[18](#jrs4751-bib-0018){ref-type="ref"}, [19](#jrs4751-bib-0019){ref-type="ref"}, [20](#jrs4751-bib-0020){ref-type="ref"} Furthermore, studies have shown that Raman measurements provide information concerning the amorphous structure of synthetic silica glasses demonstrating that with Raman spectroscopy it is possible to discriminate between glass and crystalline materials easily and rapidly.[21](#jrs4751-bib-0021){ref-type="ref"}, [22](#jrs4751-bib-0022){ref-type="ref"}, [23](#jrs4751-bib-0023){ref-type="ref"}, [24](#jrs4751-bib-0024){ref-type="ref"}, [25](#jrs4751-bib-0025){ref-type="ref"} This aspect, together with the recent development of portable Raman apparatus, might take on great importance for the *in situ* identification, and investigation, of silicate glasses in volcanic deposits. Additionally, Raman spectroscopy has been applied to the study of fluid and glass inclusions trapped in crystals during magmatic processes.[26](#jrs4751-bib-0026){ref-type="ref"}, [27](#jrs4751-bib-0027){ref-type="ref"}, [28](#jrs4751-bib-0028){ref-type="ref"} Recently, several studies[29](#jrs4751-bib-0029){ref-type="ref"}, [30](#jrs4751-bib-0030){ref-type="ref"}, [31](#jrs4751-bib-0031){ref-type="ref"}, [32](#jrs4751-bib-0032){ref-type="ref"}, [33](#jrs4751-bib-0033){ref-type="ref"} have also demonstrated the potential use of Raman spectroscopy for the quantification of water and CO~2~ contents in silicate glasses.

In the last few years, the number of scientific publications including review papers relevant to Raman spectroscopy has grown rapidly resulting in part from the development of lasers, charge‐coupled devices, and confocal systems.[10](#jrs4751-bib-0010){ref-type="ref"}, [27](#jrs4751-bib-0027){ref-type="ref"}, [34](#jrs4751-bib-0034){ref-type="ref"} However, despite the recent advances in Raman spectroscopy and the substantial amount of data produced in the past decades, there is still no unanimous consensus concerning the interpretation of the Raman spectra of natural glasses.[10](#jrs4751-bib-0010){ref-type="ref"} Additionally, the application of the quantitative data available from experiments performed on simple systems to natural systems has been quite limited.

In this study, we combine electron microprobe microanalysis with a high spatial resolution (1 µm^2^) Raman spectroscopic investigation. The samples consist of the products of a magma mingling/mixing experiment between calcalkaline basaltic and rhyolitic melts. We track the evolution of the Raman spectra as a function of the chemical composition of these natural silicate glasses. We provide, for the first time, a database of Raman spectra of natural glasses combined with an accurate chemical characterization. The evolution of the acquired Raman spectra has been parameterized to provide a Raman model for determining both the degree of polymerization and the approximate chemical composition of silicate glasses for calcalkaline composition. Our approach use a novel spectra characterization that differs from the as yet highly controversial deconvolution procedures previously attempted.[10](#jrs4751-bib-0010){ref-type="ref"}, [34](#jrs4751-bib-0034){ref-type="ref"}

Here, the proposed model has been successfully tested using 5 MPI‐DING reference glasses ranging from basalt to rhyolite,[1](#jrs4751-bib-0001){ref-type="ref"} plus a trachybasalt from Etna (ETN, see Di Genova *et al.* [35](#jrs4751-bib-0035){ref-type="ref"}) and an andesite from Montserrat (MSA).

As glassy materials are extensively dispersed on our planet, both at subaerial and submarine conditions,[36](#jrs4751-bib-0036){ref-type="ref"}, [37](#jrs4751-bib-0037){ref-type="ref"}, [38](#jrs4751-bib-0038){ref-type="ref"} and as well on extraterrestrial bodies such as the Moon[39](#jrs4751-bib-0039){ref-type="ref"} and perhaps on the northern lowlands of Mars,[40](#jrs4751-bib-0040){ref-type="ref"} the results of our parameterization may facilitate the rapid *in situ* identification, and investigation, of silicate glasses in volcanic deposits and the remote sensing analysis of surface rocks of the terrestrial planets.

Experimental methods {#jrs4751-sec-0002}
====================

The origin and nature of the samples -- chaotic mixing experiments {#jrs4751-sec-0003}
------------------------------------------------------------------

Anhydrous and bubble‐free glasses were synthesized by the melting of natural rhyolite and basalt, at 1350 °C for 4 h (see Morgavi *et al.* [41](#jrs4751-bib-0041){ref-type="ref"} for sample location and petrographic description). The glasses were verified to be free of crystals by optical and electron microscopy. Using a concentric cylinder setup, we determined the viscosities at 1350 °C for the basaltic and rhyolitic end‐member to be 0.86 and 4.75 log Pa s, respectively.

Magma mixing was induced using the obtained samples by a chaotic mixing setup \[[Fig. S1 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"}\] installed at the Department of Earth and Environmental Sciences at the University of Munich (LMU, Germany). The experimental setup mimics the 'Journal Bearing Flow' configuration used by Swanson and Ottino[42](#jrs4751-bib-0042){ref-type="ref"} to investigate the chaotic mixing of fluids at room temperature. A detailed description of the apparatus is reported in Morgavi *et al.* [41](#jrs4751-bib-0041){ref-type="ref"}, [43](#jrs4751-bib-0043){ref-type="ref"} The experimental device \[[Fig. S1 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"}\] consists of an outer Pt~80~‐Rh~20~ cylinder and an inner Al~2~O~3~ cylinder covered by an outer Pt sheath. The motions of the two cylinders are independent and their rotations at given angular velocities induce chaotic magma mixing. The outer cylinder, which hosts the end‐member melts, was filled with both the rhyolitic end‐member (80 vol.%) and basaltic end‐member (20 vol.%). The experiments were performed at 1350 °C with a duration of 108 min. This temperature has been chosen in order to produce a crystal‐free and bubble‐free sample and to ensure that the mixing process takes place in a rheological regime relevant for magmatic processes. After quenching, a representative section containing different mixing patterns was selected in order to perform chemical analyses \[[Fig. S1 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"}\].

Chemical analysis {#jrs4751-sec-0004}
-----------------

The concentrations of major elements were measured with a Cameca SX100 electron micro probe analyzer of the Department of Earth and Environmental Sciences at the University of Munich. The chemical analyses were carried out at 15 kV acceleration voltage and 5 nA beam current. A defocused 10 µm beam was used for all elements in order to minimize alkali loss. Synthetic wollastonite (Ca, Si), periclase (Mg), hematite (Fe), corundum (Al), natural orthoclase (K), and albite (Na) were used as standards, and matrix correction was performed by PAP procedure (Pouchou and Pichoir, 1984). The precision was better than 2.5% for all analyzed elements. MnO, P~2~O~5~, and Cr~2~O~3~ contents are lower than 0.2 wt%, which is within measurements error; for this reason, these oxides are not reported in our results.

Raman spectroscopy {#jrs4751-sec-0005}
------------------

Raman spectra were obtained using a micro‐Raman spectrometer (HORIBA; XploRa‐Raman‐System) equipped with three lasers (red, green, and near‐infrared (NIR)). A green argon ion laser (532 nm), which provided a power at the sample surface of \~2.5 mW, was focused through the 100× objective to an \~0.7 µm spot. The Raman system was set with a laser attenuation of 25% respect to the total laser power, 1200 T grating, exposure time 30 s (three times), confocal hole of 300 µm, and slit of 200 µm. The spatial resolution is \<1 µm, while the spectral resolution is \~23 cm^−1^ (full width at half maximum). Backscattered Raman radiation was collected over a range from 50 to 1500 cm^−1^, and elastically scattered photons were suppressed via a sharp edge filter. The instrument was calibrated using a silicon standard.

All the acquired spectra have been corrected for the wavelength of excitation source and temperature dependence of the Raman intensity according to Eqn [2](#jrs4751-disp-0002){ref-type="disp-formula"} and, finally, a background subtraction technique has been applied to all the spectra.

It must be noted that the assessment of a certain baseline is a critical aspect of Raman spectra treatment, as it depends on the chemical composition of the sample and operator choices. Different authors \[e.g. [30](#jrs4751-bib-0030){ref-type="ref"}, [31](#jrs4751-bib-0031){ref-type="ref"}, [32](#jrs4751-bib-0032){ref-type="ref"}, [44](#jrs4751-bib-0044){ref-type="ref"}\] have reported several procedures based on empirical considerations. We have compared the different approaches, concluding that they are not appropriate for our study because our spectra are substantially different from those previously considered. In contrast to the present study, the aforementioned studies were performed using synthetic compositions.

In order to ensure the reproducibility of the background subtraction, we define two zones that are supposed free of peaks to constrain the cubic baseline: from 50 to \~250 cm^−1^ and from \~1250 to 1500 cm^−1^. This procedure likely applies for most of the natural glasses.

Results {#jrs4751-sec-0006}
=======

Optical analysis and chemical variations {#jrs4751-sec-0007}
----------------------------------------

Observations of the experimental products reveal that the basaltic melt was dispersed within the rhyolitic melt because of the dynamics of stretching and folding generated by the mixing experiment. Back‐scattered electron (BSE) image analysis enables visualization of the chemical boundary patterns developed during mixing \[[Fig. S2 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"}\]. The thickness of filaments is variable in different sections of the samples, as has been previously observed from chaotic mixing dynamics.

We selected one section with a thickness of 490 µm \[[Fig. S2 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"}\], crossing the rhyolite--basalt contact, for further chemical analysis. Microscopic examination of the experimental products by BSE imaging reveals that the quenched‐in filaments are glassy, thus preserving information about the modulation of composition during mixing due to chemical exchanges between the end‐members.

The chemical composition of the analyzed transect is reported in [Table S1 (Supporting Information)](#jrs4751-supitem-0001){ref-type="supplementary-material"} and is shown both as a function of distance from the rhyolitic end‐member (Fig. [1](#jrs4751-fig-0001){ref-type="fig"}) and in a total alkali silica diagram (Fig. [2](#jrs4751-fig-0002){ref-type="fig"}). The analytical uncertainty in the chemical analysis of an individual element is reported in [Table S1](#jrs4751-supitem-0001){ref-type="supplementary-material"}.

![Measured chemical composition as a function of the distance along the analyzed filament.](JRS-46-1235-g001){#jrs4751-fig-0001}

![TAS (total alkali *vs* SiO~2~ contents in wt.%) diagram showing melt compositions resulting from mixing experiments. All the samples belong to the calcalkaline magma series. The line represents the interpolation of the measured chemical composition reported in [Table S1 in the Supporting Information](#jrs4751-supitem-0001){ref-type="supplementary-material"}.](JRS-46-1235-g002){#jrs4751-fig-0002}

Raman spectroscopy {#jrs4751-sec-0008}
------------------

Figure [3](#jrs4751-fig-0003){ref-type="fig"} reports the Raman spectra collected from the rhyolitic to basaltic end‐members together with their spatial distribution. The figure shows two main bands, one in the low‐wavenumber region (LW \~250--640 cm^−1^) and a second one in the high‐wavenumber region (HW \~800--1250 cm^−1^), which are both related to the aluminosilicate network. The LW region is usually assigned to vibrations of bridging oxygens (BO) with three‐membered, four‐membered, five‐membered, six‐membered, or higher‐membered rings of tetrahedra present in silicate networks.[3](#jrs4751-bib-0003){ref-type="ref"}, [10](#jrs4751-bib-0010){ref-type="ref"}, [22](#jrs4751-bib-0022){ref-type="ref"}, [23](#jrs4751-bib-0023){ref-type="ref"}, [24](#jrs4751-bib-0024){ref-type="ref"}, [25](#jrs4751-bib-0025){ref-type="ref"}, [45](#jrs4751-bib-0045){ref-type="ref"}, [46](#jrs4751-bib-0046){ref-type="ref"}, [47](#jrs4751-bib-0047){ref-type="ref"} The HW region yields information about the vibration of T--O^−^bonds \[where T refers to fourfold coordinated cations (Si^4+^, Al^4+^, Fe^3+^) and O^−^ non‐bridging oxygens, NBO\] and the structural effect of the network‐modifying or charge balancing cations, (e.g. the works of some authors [10](#jrs4751-bib-0010){ref-type="ref"}, [25](#jrs4751-bib-0025){ref-type="ref"}, [48](#jrs4751-bib-0048){ref-type="ref"}, [49](#jrs4751-bib-0049){ref-type="ref"}, [50](#jrs4751-bib-0050){ref-type="ref"}, [51](#jrs4751-bib-0051){ref-type="ref"}, [52](#jrs4751-bib-0052){ref-type="ref"}, [53](#jrs4751-bib-0053){ref-type="ref"}).

![Long‐corrected, and normalized, Raman spectra of rhyolite--basalt mixing experiment product. Labels next to each curve give the sample name and the distance in µm from the starting point (rhyolitic end‐member).](JRS-46-1235-g003){#jrs4751-fig-0003}

The LW region from the rhyolitic end‐member (Fig. [3](#jrs4751-fig-0003){ref-type="fig"}, sample Y_12) shows one broad asymmetric band composed by three different peaks: a main peak, located at \~470 cm^−1^, a shoulder on the left side at \~375 cm^−1^, and a peak at \~580 cm^−1^. With decreasing silica content, the LW Raman spectra exhibit a wider peak at \~520 cm^−1^. The Raman spectra show a dramatic variation as the chemical composition varies toward the basaltic end‐member (Y_62). In fact, differently to the Raman spectrum of Y_12 sample, the basaltic end‐member shows a main broad asymmetric peak at \~525 cm^−1^ with a clear shoulder near 590 cm^−1^, and a second weak shoulder at \~440 cm^−1^. Overall, the intensity of the LW region is much lower than the LW intensities exhibit by the most polymerized samples.

Concerning the HW region, starting from the rhyolitic end‐member (Fig. [3](#jrs4751-fig-0003){ref-type="fig"}, sample Y_12), the spectra exhibit one broad band composed by three different peaks located at \~980, 1050, and 1150 cm^−1^, respectively. With decreasing silica content, the collected HW Raman spectra exhibit a shift toward lower wavenumber. In fact, the basaltic end‐member (Fig. [3](#jrs4751-fig-0003){ref-type="fig"}, sample Y_62) shows a band centered at \~920 cm^−1^, with a shoulder on its high wavenumber side at \~1000 cm^−1^.

Discussion {#jrs4751-sec-0009}
==========

Parameterization of the evolution of Raman spectra {#jrs4751-sec-0010}
--------------------------------------------------

The aims of this study include the goal of providing a database for Raman spectra of natural silicate glasses (Fig. [3](#jrs4751-fig-0003){ref-type="fig"}) over a wide range of chemical composition (from basalt to rhyolite, along the calcalkaline series).

In order to evaluate Raman spectroscopy as a high spatial resolution tool for estimating the chemical composition of different natural glasses, we have compared the acquired Raman spectra (Fig. [3](#jrs4751-fig-0003){ref-type="fig"}) with the measured chemical composition (Table S1).

An ideal mixing equation (Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}) was used in order to parameterize the Raman spectra as a function of the Raman parameter R~p~: $$Y = E_{B} \cdot R_{p} + E_{R}\left( {1 - R_{p}} \right)$$where Y represents the acquired Raman spectra, and E~B~ and E~R~ represent the basalt end‐member (Y_62) and rhyolite end‐member (Y_12) Raman spectra, respectively. The R~p~ fit parameter was calculated for each acquired Raman spectra using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"} and has been reported and plotted in Table [1](#jrs4751-tbl-0001){ref-type="table-wrap"} and Fig. [4](#jrs4751-fig-0004){ref-type="fig"} as a function of chemical composition.

###### 

Calculated Raman parameter (R~p~) using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}

  Sample   R~p~    Sample   R~p~
  -------- ------- -------- -------
  Y 12     0.000   Y 38     0.863
  Y 15     0.000   Y 39     0.875
  Y 16     0.000   Y 40     0.887
  Y 17     0.000   Y 41     0.893
  Y 18     0.162   Y 42     0.903
  Y 19     0.163   Y 43     0.908
  Y 22     0.217   Y 44     0.915
  Y 21     0.305   Y 45     0.920
  Y 23     0.422   Y 46     0.928
  Y 20     0.495   Y 47     0.935
  Y 24     0.559   Y 48     0.939
  Y 25     0.616   Y 50     0.953
  Y 26     0.653   Y 51     0.964
  Y 27     0.694   Y 52     0.971
  Y 28     0.715   Y 53     0.977
  Y 29     0.747   Y 54     0.995
  Y 30     0.762   Y 55     0.996
  Y 31     0.781   Y 56     0.990
  Y 32     0.796   Y 57     1.000
  Y 33     0.810   Y 58     1.000
  Y 34     0.819   Y 72     1.000
  Y 35     0.831   Y 70     1.000
  Y 37     0.851   Y 62     1.000

![Measured chemical composition as a function of the calculated Raman parameter (R~p~) using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}. Lines represent the fits obtained using equations reported in Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}.](JRS-46-1235-g004){#jrs4751-fig-0004}

It must be noted that the R~p~ parameter is equal to 1 when only the basalt end‐member is considered and, on the other hand, is equal to 0 when only rhyolite end‐member is considered.

Figure [4](#jrs4751-fig-0004){ref-type="fig"} shows the evolution of chemical composition as a function of the R~p~ parameter. The different cations clearly exhibit smooth continuous trends with respect to the calculated Raman parameter.

A model to determine chemical composition of silicate glasses using Raman spectra {#jrs4751-sec-0011}
---------------------------------------------------------------------------------

As stated earlier, Raman spectra and silicate structure (i.e. chemical composition) are intimately related and, for this reason, we have combined the evolution of the acquired Raman spectra with chemical composition using the calculated Raman parameter (R~p~) by means of Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}, obtaining an excellent correlation as illustrated in Fig. [4](#jrs4751-fig-0004){ref-type="fig"}.

Therefore, we have parameterized the R~p~ parameter as a function of chemical composition (trends in Fig. [4](#jrs4751-fig-0004){ref-type="fig"}) by adopting the following strategy: SiO~2~ + Al~2~O~3~ content (which represent the most abundant network‐forming cations) has been parameterized, using a cubic equation (Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}, y = b R~p~ ^3^ + c R~p~ ^2^ + d R~p~ + e), as a function of R~p~.CaO + MgO content has been parameterized as a function of R~p~, again using a cubic equation (Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}). As can be observed in Table S1, the mol% content of these cations continuously increases during mixing process.The alkaline cations show a more complex picture. Sodium shows a different trend with respect to potassium and other cations. Indeed, looking at Table S1, it can be seen that the measured Na~2~O content does not change significantly during magma mixing, from the rhyolitic end‐member up to sample Y_31 (R~p~ = 0.781). On the contrary, the K~2~O content shows a continuous decrease from the rhyolitic to the basaltic end‐member. The combination of these two different behaviors shown by Na~2~O and K~2~O results in the abrupt change in the slope observed in Fig. [4](#jrs4751-fig-0004){ref-type="fig"} at R~p~ around 0.8, which requires the implementation of a quartic function (Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}, y = a R~p~ ^4^ + b R~p~ ^3^ + c R~p~ ^2^ + d R~p~ + e).Lastly, the FeO content has been parameterized as a function of R~p~ parameter, using a cubic equation (Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}).

###### 

Equation and fit parameters used to parameterize the chemical composition (y, in mol%) as a function of the Rp parameter: y = aR~p~ ^4^ + bR~p~ ^3^ + cR~p~ ^2^ + dR~p~ + e

                     a         b         c         d        e        R^2^
  ------------------ --------- --------- --------- -------- -------- -------
  SiO~2~ + Al2O~3~   0         −63.749   47.071    11.651   91.327   0.999
  CaO + MgO          0         50.754    −40.686   11.560   1.095    0.999
  FeO                0         19.383    −13.906   2.710    1.163    0.997
  Na~2~O + K~2~O     −18.419   26.492    −12.538   1.281    6.272    0.991

Finally, by combining the equations reported in Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"} with the calculated R~p~ parameter using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}, we can accurately estimate the chemical composition of our samples by simply using the acquired Raman spectra. In Fig. [5](#jrs4751-fig-0005){ref-type="fig"}, we report the estimated *versus* measured chemical compositions for our samples. In addition, Fig. [6](#jrs4751-fig-0006){ref-type="fig"} shows a comparison between three different measured and calculated Raman spectra (Y_26, Y_40, and Y_53). From this figure, it is possible to appreciate how our model can appropriately reproduce the measured Raman spectra. The largest error in predicting a measured Raman spectrum is exhibited by the intensity of the most polymerized sample (Y_26), and we are currently investigating the silicate structure effect on Raman spectra of highly polymerized natural silicate glasses (Di Genova *et al.*, in prep.). At the same time, the wavelength position of the Raman peaks is well‐predicted for all the samples. Overall, despite the small discrepancy between the measured and calculated intensity (sample Y_26), the estimation of the chemical composition is not particularly affected (Fig. [5](#jrs4751-fig-0005){ref-type="fig"}). Finally, as will be discussed later, we are planning to further develop our model including different end‐members to improve the reproducibility of the measured Raman spectra.

![Comparison between measured and calculated chemical composition using the proposed Raman model. To better visualize the reported date, the calculated CaO + MgO and FeO have been shifted of 20 and 40 mol%, respectively.](JRS-46-1235-g005){#jrs4751-fig-0005}

![Comparison between measured and calculated Raman spectra (Y_26, 40, 53) using the proposed Raman model (Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}).](JRS-46-1235-g006){#jrs4751-fig-0006}

Effect of iron oxidation state on Raman spectra of natural silicate glasses {#jrs4751-sec-0012}
---------------------------------------------------------------------------

As previously discussed, our mixing experiment was performed in oxidizing conditions. However, the magmas, and as a consequence the natural glasses, do not necessarily have a high oxidation state. In addition, it is well‐known that the iron redox state can affect the silicate structure, and therefore both the related physical properties (i.e. viscosity, density, and heat capacity) and Raman spectrum in a complex way. Most data concerning the influence of iron and its redox state on these properties deal with simple synthetic systems.[54](#jrs4751-bib-0054){ref-type="ref"}, [55](#jrs4751-bib-0055){ref-type="ref"}, [56](#jrs4751-bib-0056){ref-type="ref"}, [57](#jrs4751-bib-0057){ref-type="ref"} Even though the literature related to the effect of iron oxidation state on the structure of natural silicate glasses is still poor, one study[58](#jrs4751-bib-0058){ref-type="ref"} has investigated the effect of variable Fe^3+^/ΣFe~tot~ ratios on Raman spectra of natural iron‐bearing glasses. The investigated samples are represented by a pantellerite (peralkaline iron‐rich rhyolite) characterized by a total iron content of 7.8 wt.% and two basalts, one iron‐poor and one iron‐rich (FeO~tot~ 7.6 and 10.1 wt.%, respectively). The authors reported how the sensitivity of glass structure to iron redox decreases with increasing glass basicity. In fact, the Raman spectra of basaltic samples does not exhibit any appreciable variation as a function of different Fe^3+^/ΣFe~tot~ ratios. On the contrary, the Raman spectra of rhyolitic glasses show an increase of a band at \~970 cm^−1^ with the Fe^3+^/ΣFe~tot~ ratio.

As can be observed from [Table S1](#jrs4751-supitem-0001){ref-type="supplementary-material"}, our rhyolitic end member has a low iron content (1.2 wt.%), extremely lower than the iron content showed by the sample used in Di Muro *et al.* [58](#jrs4751-bib-0058){ref-type="ref"} For this reason, we believe that the Raman spectra of our rhyolitic samples are not substantially affected by the Fe^2+^/Fe~tot~ ratio, extending the applicability of our model to magmatic conditions. However, it is important to point out that our model cannot be used to estimate the chemical composition of samples belonging to the peralkaline iron‐rich system, as the Raman spectrum is affected by the Fe^2+^/Fe~tot~ ratio.

Validation of the model {#jrs4751-sec-0013}
-----------------------

In order to validate our approach, we have investigated further samples and, in addition, tested the possible influence of Raman spectra acquisition conditions on our results. For this purpose, we have used seven natural standard glasses: five MPI‐DING glasses from Jochum *et al.* [1](#jrs4751-bib-0001){ref-type="ref"}; a remelted trachybasalt from ETN (Di Genova *et al.* [35](#jrs4751-bib-0035){ref-type="ref"}); and a remelted andesite from MSA. In Table [3](#jrs4751-tbl-0003){ref-type="table-wrap"}, the chemical compositions are reported, and it must be noticed that all of the samples belong to the calcalkaline magma series, with the only exception of ETN sample, which is rich in sodium.

###### 

Literature and calculated chemical composition (normalized in mol%) of analyzed external samples used to test the proposed Raman model

                                                     Measured          Calculated                   Measured        Calculated                  Measured       Calculated                   Measured        Calculated                                 
  -------------------------------------------------- ----------------- ------------ --------------- --------------- ------------ -------------- -------------- ------------ --------------- --------------- ------------ -------------- -------------- -------
  ATHO‐G[d](#jrs4751-note-0005){ref-type="fn"}       0.488 (± 0.016)   0.01         89.21 (± 0.6)   89.45 (± 0.2)   −0.23        5.52 (± 0.2)   5.94 (± 0.4)   −0.42        2.08 (± 0.1)    2.94 (± 0.1)    −0.87        3.01 (± 0.1)   1.43 (± 0.1)   1.59
  StHs6/80‐G[d](#jrs4751-note-0005){ref-type="fn"}   0.689 (± 0.011)   0.10         80.42 (± 0.3)   84.81 (± 0.4)   −4.39        5.64 (± 0.1)   5.72 (± 0.5)   −0.20        9.32 (± 0.1)    6.34 (± 0.3)    2.99         3.95 (± 0.1)   2.76 (± 0.1)   1.19
  MSA[e](#jrs4751-note-0006){ref-type="fn"}          0.797 (± 0.007)   0.16         75.67 (± 0.3)   79.65 (± 0.5)   −3.98        4.50 (± 0.1)   5.31 (± 0.6)   −0.81        13.54 (± 0.2)   10.17 (± 0.4)   −0.99        5.62 (± 0.1)   5.75 (± 0.2)   −0.13
  T1‐G[d](#jrs4751-note-0005){ref-type="fn"}         0.819 (± 0.009)   0.20         74.48 (± 0.3)   78.35 (± 0.6)   −3.87        4.66 (± 0.1)   5.18 (± 0.6)   −0.52        13.94 (± 0.1)   11.14 (± 0.4)   2.80         5.84 (± 0.1)   4.70 (± 0.2)   1.14
  ML3B‐G[d](#jrs4751-note-0005){ref-type="fn"}       0.989 (± 0.002)   0.51         63.10 (± 0.2)   64.21 (± 0.2)   −1.11        2.71 (± 0.1)   3.27 (± 0.6)   −0.56        22.57 (± 0.2)   21.81 (± 0.2)   0.76         9.79 (± 0.1)   8.98 (± 0.5)   0.81
  ETN[f](#jrs4751-note-0007){ref-type="fn"}          0.997 (± 0.003)   0.44         63.24 (± 0.3)   63.32 (± 0.2)   −0.08        5.18 (± 0.1)   3.12 (± 0.6)   2.06         20.62 (± 0.2)   22.48 (± 0.3)   −1.86        9.06 (± 0.2)   9.25 (± 0.1)   −0.19
  KL2‐G[d](#jrs4751-note-0005){ref-type="fn"}        1.000 (± 0.003)   0.58         61.66 (± 0.2)   63.00 (± 0.3)   −1.34        2.67 (± 0.1)   3.07 (± 0.4)   −0.40        24.13 (± 0.2)   22.72 (± 0.4)   1.17         9.55 (± 0.1)   9.35 (± 0.1)   0.20

Calculated Raman parameter using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}.

Mysen[60](#jrs4751-bib-0060){ref-type="ref"}

Difference between measured and calculated chemical composition.

Jochum *et al.* [1](#jrs4751-bib-0001){ref-type="ref"}

This study.

Di Genova *et al.* ^\[^ [^35^](#jrs4751-bib-0001){ref-type="ref"} ^\]^

Literature and calculated chemical composition (normalized in mol%) of analyzed

Main experimental conditions for Raman analysis include the following: laser device 532 nm, laser energy attenuation of 25%--50%, grating 1200 T, confocal hole 100--300 µm, slit 200, observation objective × 100, and exposure time 30--40 s.

The acquired Raman spectra are reported in Fig. [7](#jrs4751-fig-0007){ref-type="fig"}. In Table [3](#jrs4751-tbl-0003){ref-type="table-wrap"}, we report, for each sample, the calculated R~p~ parameters using Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}, the measured chemical composition, and the calculated chemical composition using our model (equations in Table [2](#jrs4751-tbl-0002){ref-type="table-wrap"}) together with the calculated polymerization degree expressed as non‐bridging oxygen per tetrahedra (NBO/T on a molar basis according to Mysen.[59](#jrs4751-bib-0059){ref-type="ref"} In order to calculate the NBO/T parameter, the measured total iron (FeO~tot~) was split 75% as Fe~2~O~3~ and 25% as FeO. This is a sensible assumption as the mixing experiment was performed in oxidizing condition in air. Under this condition, ferric iron is predominantly in tetrahedral coordination in silicate glasses (e.g. Mysen *et al.* [60](#jrs4751-bib-0060){ref-type="ref"}).

![Long‐corrected, and normalized, Raman spectra of samples used to validate our Raman model. MPI‐DING glasses from Jochum[1](#jrs4751-bib-0001){ref-type="ref"}; Etna (ETN) from Di Genova *et al.* [35](#jrs4751-bib-0035){ref-type="ref"}; and Montserrat (MSA) from this study.](JRS-46-1235-g007){#jrs4751-fig-0007}

It is interesting to point out that our Raman parameter (R~p~) can be used as a proxy to discern the polymerization degree of the investigated silicate glasses. In fact, looking at Table [3](#jrs4751-tbl-0003){ref-type="table-wrap"}, for a low value of NBO/T corresponds a low value of R~p~. In particular, the ATHO‐G sample (rhyolite) exhibits both the lowest value of NBO/T (0.01) and R~p~ (0.488) among the analyzed samples. At the same time the KL2‐G sample (basalt) is characterized by both the highest value of NBO/T (0.58) and R~p~ [(1)](#jrs4751-disp-0001){ref-type="disp-formula"} with respect to the other samples. Figure [8](#jrs4751-fig-0008){ref-type="fig"} shows the complete relation between the calculated NBO/T and R~p~ parameter.

![Non‐bridging oxygen per tetrahedra (NBO/T) on a molar basis according to Mysen[57](#jrs4751-bib-0057){ref-type="ref"} *versus* the calculated Raman parameter (R~p~, Eqn [1](#jrs4751-disp-0001){ref-type="disp-formula"}). The degree of polymerization of the analyzed samples increases with the calculated Raman parameter.](JRS-46-1235-g008){#jrs4751-fig-0008}

Further, our parameter shows a higher sensitivity than NBO/T in distinguishing different highly polymerized (i.e. evolved) silicate glasses. In fact, both the ATHO‐G and Y_12 rhyolites are characterized by the same NBO/T = 0 but different R~p~ parameter (0.488 and 0, respectively). As can be seen, looking at [Tables S1 and 3](#jrs4751-supitem-0001){ref-type="supplementary-material"}, the Y_12 is chemically more evolved compared with the ATHO‐G rhyolite, and this is well in accordance with the calculated R~p~ = 0 for the Y_12 sample. In particular, the Y_12 rhyolite shows a higher SiO~2~ + Al~2~O~3~ content (91.06 mol%), while the sum of alkali and alkaline earth content is clearly lower (5.58 mol%) than the ATHO‐G rhyolite, which in turn exhibits 89.45 and 7.60 mol%, respectively.

As the proposed Raman parameter is highly sensitive to the chemical composition of a silicate glass, we believe that this parameter may represent a valuable tool to investigate the differentiation process of natural silicate melts. In addition, as shown in Table [3](#jrs4751-tbl-0003){ref-type="table-wrap"}, the basaltic sample KL2‐G is more mafic than our basaltic end‐member (Y_62). Indeed, the SiO~2~ + Al~2~O~3~ content for KL2‐G sample is 61.66 mol%, lower than the measured value for the sample Y_62 (63.00 mol%). For this reason, our model cannot predict a SiO~2~ + Al~2~O~3~ content lower than 63.00 mol% and, as a consequence of that, both samples are characterized by a value of R~p~ equal to 1. On account of this, a possible further development of our model has to take into account the KL2‐G as a basaltic end‐member instead of the sample Y_62, in order to expand the measurable SiO~2~ + Al~2~O~3~ content via Raman spectroscopy.

Looking carefully at Table [3](#jrs4751-tbl-0003){ref-type="table-wrap"}, it is possible to assess quantitatively the validity of our model to determine the chemical composition of silicate glasses. Additionally, a comparison between the calculated and the measured chemical composition of the additional samples investigated is reported in Fig. [9](#jrs4751-fig-0009){ref-type="fig"}. As can be seen in the figure, within the standard error of estimation, the calculated chemical compositions of the investigated sample are well in accordance with the measured chemical compositions.

![Comparison between measured and calculated chemical composition using the proposed Raman model for the external samples used to test the proposed Raman model.](JRS-46-1235-g009){#jrs4751-fig-0009}

In particular, as for the intermediate compositions (two andesites and a qz‐diorite), our model slightly overestimate the measured SiO~2~ + Al~2~O~3~ content (\~5%). Concerning the Na~2~O + K~2~O content, the ETN basalt shows the largest error. A possible explanation for this resides in the high alkali content of Etna\'s basalts, much higher (5.18 mol% respectively) compared with that shown by our basaltic end‐member Y_62 (3.20 mol%).

Regarding the CaO + MgO and FeO content, the model exhibits the largest errors in determining the chemical composition when the ATHO‐G rhyolite and STHS6/80‐G andesite are considered. Again, a possible explanation for this might be related to the chemical composition of our rhyolitic end‐member, which largely affects the estimation of iron and alkaline earth content for the most evolved samples. In fact, for example, the Y_12 sample is extremely poor in iron (1.3 mol%) and alkaline earth content (1.05 mol%) compared with the chemical composition of ATHO‐G rhyolite and STHS6/80‐G andesite (3.01--2.08 and 3.95--9.32 mol%, respectively).

For this reason, we are planning to further develop our model including several end‐members able to take into account the chemical heterogeneities of silicate glasses, resulting from the different volcanological settings.

How to use the model {#jrs4751-sec-0014}
--------------------

The Excel© version of our model is provided as Supporting Information. First of all, a Raman spectrum has to be acquired, and we suggest setting the Raman system on how it is reported in paragraph 2.3.

Subsequently, the following correction has to be applied to the acquired Raman spectrum (see Long[61](#jrs4751-bib-0061){ref-type="ref"} for the theoretical background): $$I\  = \ I_{obs} \cdot \left\{ {v_{0}^{3} \cdot v\frac{\left\lbrack {1 - \exp\mspace{2mu}\left( - hcv/kT \right)} \right\rbrack}{\left( {v_{0} - v} \right)^{4}}} \right\}$$where I~obs~ is the acquired Raman spectra, *h* is the Planck constant, h = 6.62607 × 10^−34^ J s, k is the Boltzmann constant; k = 1.38065 × 10^−23^ J K^−1^, c is the speed of light, c = 2.9979 × 10^10^ cm s^−1^, T is the absolute temperature, ν~0~ is the wavenumber of the incident laser light (10^7^/532 for the green laser), and ν is the measured wavenumber in cm^−1^.

After applying the Long\'s correction, the background subtraction has to be applied to the acquired spectrum (see paragraph 2.3). Then, an intensity normalization to 100 (arbitrary units) must be applied to the spectrum.

Finally, before using the Excel© file, it is important to verify that the three different Raman spectra (two end‐members spectra Y_12 and Y_62 and the sample spectrum) have to be necessarily characterized by the same X values (cm^−1^).

Conclusions and perspectives {#jrs4751-sec-0015}
============================

Here, the first database of natural silicate glasses is presented together with a Raman model to estimate the degree of polymerization and the chemical composition of natural silicate glasses for calcalkaline compositions (Table S1).

The database and the model together represent a high spatial resolution (\~1 µm) tool for a quick *in situ*, and remotely controlled, identification of silicate glasses dispersed in rocks and volcanic deposits. Additionally, the proposed Raman model is based on an ideal mixing equation that avoids the use of deconvolution bands, for which assignment is still strongly debated in literature.[10](#jrs4751-bib-0010){ref-type="ref"}, [34](#jrs4751-bib-0034){ref-type="ref"}

The model has been first applied to remelted natural samples and is independent on Raman acquisition conditions. In future works, it will be tested and improved, performing new experimental measurements on samples with different geochemical compositions in order to cover the chemical variability of natural magmatic compositions. These new measurements will be performed in order to take into account both the effect of the excess alkalies over aluminum, iron content, and oxygen fugacity on the Raman spectra of silicate glasses.

This study represents a new tool for *in situ* volcanology and planetary science (e.g. ExoMars program). Indeed, in the last years, Raman spectroscopy has been recognized as a promising tool for *in situ* and/or remote investigation of organic and inorganic material of bodies in our solar system.[5](#jrs4751-bib-0005){ref-type="ref"}, [62](#jrs4751-bib-0062){ref-type="ref"}, [63](#jrs4751-bib-0063){ref-type="ref"}, [64](#jrs4751-bib-0064){ref-type="ref"}, [65](#jrs4751-bib-0065){ref-type="ref"} In particular, it has been demonstrated that Raman spectroscopy can be used both *in situ* and in remote conditions up to 100 m \[e.g. [66](#jrs4751-bib-0066){ref-type="ref"}, [67](#jrs4751-bib-0067){ref-type="ref"}\] as a method to infer qualitatively the composition of samples. Our study extends the potential use of Raman spectroscopy to quantify the chemical composition, and polymerization degree, of silicate glasses. In fact, silicate glasses have been found, and are supposed to be largely dispersed, on planetary bodies.[39](#jrs4751-bib-0039){ref-type="ref"}, [40](#jrs4751-bib-0040){ref-type="ref"}, [68](#jrs4751-bib-0068){ref-type="ref"}, [69](#jrs4751-bib-0069){ref-type="ref"}, [70](#jrs4751-bib-0070){ref-type="ref"} The use of parameterization might help in shedding new light on the type of magmatism and volcanic activity in our solar system (as well as on the formation of impact craters).

Supporting information
======================

Figure S1: (A) Schematic 3D‐model and (B) 2D section of the experimental apparatus used to perform chaotic mixing experiments. In the figure, experimental parameters are also reported (C). Their values are as follows: R~out~ = 13 mm, Ω~out~ = 0.06 rpm, R~in~ = 4.3 mm, Ω~in~ = 0.3 rpm, d = 3.9, r = 5.0 mm.

Figure S2: Back‐scattered electron image (BSE) of the analyzed filament. The mixing experiments were performed at 1350 °C with a duration of 108 min, using rhyolite (dark gray) and basalt (light gray).
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Supporting info item

###### 

Click here for additional data file.
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